Abstract Carbon stable isotope ratios (d 13 C) are widely used to trace resource transfer pathways, yet d 13 C variation in freshwater autotrophs is not yet fully understood. We have analyzed data from 42 published studies, supplemented with some unpublished data, to show the determinants of lotic periphyton d 13 C. At large spatial scales, we observed broad differences in periphyton d 13 C among biomes and consistent longitudinal variation related to watershed area. Longitudinal increases in d 13 C indicate the importance of in-stream processes on lotic carbon cycles and autotroph d 13 C variation. At local spatial scales, periphyton d
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Introduction
Most ecosystems receive resource subsidies from other systems. Estimating the contributions of these spatial subsidies to organisms provides information on food web production and trophic structure by taking into account resource movement across ecosystem boundaries (Polis et al. 1997) . Lotic food webs are a good example of subsidized systems that are supported by two carbon sources: autochthonous (i.e., periphytic algae, mosses, and other aquatic plants attaching to a substrate) and allochthonous (i.e., terrestrial litter and invertebrates; Nakano and Murakami 2001) resources. Distinguishing the contributions of these two sources to lotic food webs is challenging Communicated by Robert Hall. because it is difficult to directly observe food sources. Carbon stable isotope ratios (d 13 C) are widely used to discriminate between periphytic and terrestrial production in lotic ecosystems (e.g., Fry 1991; Finlay 2001) .
While the use of d 13 C has many advantages as a natural tracer, growing awareness of the large spatial and temporal variability in d
13 C values of lotic periphyton suggest an intrinsic limitation to d 13 C applications under specific circumstances (e.g., Finlay et al. 1999; Zah et al. 2001) . The presence of a large variability in the d
13 C values of periphyton can introduce uncertainty in the determinations of the isotopic baseline of food webs and consequently influence the accuracy of food web analyses (McCutchan and Lewis 2001; Zah et al. 2001 ). Since two-source mixing models require isotopic separation between potential sources, the variability in the d
13 C values of periphyton can compromise the precise estimation of the relative contribution of carbon sources to food webs. For example, Finlay et al. (1999) reported large variations in the d
13 C values of periphyton and herbivores over small spatial scales (1-10 m) in a stream that were related to in situ water current velocity. Such effects greatly complicate the applications of mixing models.
Many researchers have pointed out the importance of understanding the pattern of variability in d
13
C values of lotic periphyton for the purpose of precise food web analysis (MacLeod and Barton 1998; Finlay et al. 1999; Trudeau and Rasmussen 2003; Singer et al. 2005; Doi et al. 2007; Hill et al. 2008) . Although the importance of understanding the variability in periphyton d 13 C is well recognized, the factors that determine the d 13 C values of periphyton are complex due to the influences of spatial heterogeneity at multiple spatial scales, such as local habitat, reach, and watershed (Doi et al. 2007 ). Consequently, both regional controls (e.g., biome or river size) and local controls (e.g., light/flow conditions, taxonomic composition) must be considered if the factors controlling periphyton d
13 C values are to be better understood. These diverse controls over periphyton d 13 C have not yet been adequately classified and brought into a hierarchically structured and causally plausible framework.
In this study, we conduct a global meta-analysis to identify the factors that determine the d 13 C value of lotic periphyton. For this meta-analysis, we use a dataset that contains a total of 765 records from 42 references and some unpublished data. Using the dataset, we analyze regional and local drivers that have been hypothesized to affect periphyton d 13 C. In particular, we focus on biome, season, and watershed area as regional controls because they strongly affect periphytic production and dissolved inorganic carbon (DIC) availability in lotic ecosystems. Canopy cover, water current velocity, chlorophyll a density, and dominant taxa in periphyton are used as local controls. Canopy cover regulates light intensity, chlorophyll a, and dominant taxa in periphyton and in turn controls DIC demand. Water current velocity regulates DIC availability for periphyton. Finally, we build a hierarchical model and synthesize controlling pathways of periphyton d 13 C. We also included unpublished data from our own studies. For the purpose of this meta-analysis, we defined periphyton as predominantly algal material attached to solid surfaces. In this context, attached autotrophic algae described by authors as benthic algae, epilithic algae, a lgal-dominated epilithon, filamentous algae, littoral algae, micro algae, epiphyton, periphytic biofilms, phototrophic biofilms, and phytomicrobenthos were regarded as periphyton. Data were used for epilithon only if authors specified the dominance of epilithic algae in the epilithic material. Neither periphyton nor epilithon are pure algae, and the terminology is not necessarily consistent among researchers. Some studies have defined epilithon as a mixed assemblage of algae, fungi, and bacteria (e.g., England and Rosemond 2004) , and others regard epilithon as a surrogate of autochthonous materials (e.g., Watanabe et al. 2008 ) because they are highly influenced by polysaccharides derived from microalgal production (Lock 1993) . Data on periphyton were often a mix of microalgae,but information for specific taxonomic groups was extracted where possible. Data on macrophytes and aquatic bryophytes were also retrieved. We accepted data that met following conditions:
Materials and methods
Data
1. The study was conducted in a field setting 2. The study provided periphyton d 13 C and environmental drivers 3. The study did not use 13 
C tracer additions
When the data were presented in figures, we extracted data using graph digitizing software PlotDigitizer X ver. 2.0.1 (http://www.surf.nuqe.nagoya-u.ac.jp/*nakahara/Soft ware/PlotDigitizerX/index-e.html). For the meta-analysis, we ultimately selected 42 papers and used 765 data points.
Explanatory variables
Explanatory variables for periphyton d 13 C were extracted from individual studies or, in a small number of cases, provided directly by authors. Biome (alpine; arctic; boreal; temperate; tropical), sampling season, and watershed area (km 2 ; hereafter WA) of the study sites were used as 'regional controls'. We categorized biome of the study sites from the location of the rivers studied. Sampling periods were categorized into groups approximating the four seasons, with the periods March-May, June-August, September-November, and December-February corresponding to spring, summer, autumn, and winter for the Northern hemisphere and to autumn, winter, spring, and summer for the Southern hemisphere. The effects of seasonality on periphyton d 13 C were categorized as a regional control because of the strong relationship between season and productivity. Canopy cover percentage (%; hereafter CC), water current velocity (cm s -1 ; hereafter, WCV), chlorophyll a density (mg m -2 ; hereafter, CHLA), and dominant taxa (bryophytes; cyanobacteria; diatoms; green algae; macrophytes; red algae; multiple taxa mixtures) were used as 'local controls'.
All numerical variables, excluding percentage or categorical variables, were analyzed after transformation by log 10 x for WA and CHLA and by log 10 (x ?1) for WCV because there were zero values in the WCV (Table 1) , except for missing values. Insufficient data for a statistically robust sample size for aqueous CO 2 concentration and d 13 C signatures were present in the meta-analysis dataset, although these factors are important for determining the d 13 C of periphyton (Finlay 2004 ).
Linear and non-linear modeling procedures
We tested the relationships between periphyton d 13 C and the potential explanatory variables and analyzed the effects of 'regional' and 'local' controls separately by building two general linear models (GLMs) to test the relative contributions of potential explanatory variables to periphyton d 13 C as follows: Full model (regional controls):
We selected the best GLM by downward stepwise selection according to the Akaike Information Criterion (AIC; Akaike 1974) and also calculated AIC differences (D i ) and Akaike weight (x i ), which is considered to be the weight of evidence in favor of a candidate model being the best model out of the set of models considered (Burnham and Anderson 2002) . For the individual relationship between each explanatory variable and periphyton d 13 C, we compared both regressions of single linear and nonlinear models with the generalized cross validation (GCV) score: the smaller the GCV score, the higher the fitness to the models (Wood 2008) . Differences in periphyton d 13 C among biomes, season, and dominant taxa were tested by post hoc multiple comparison (Holm's test). When velocity data were available for rivers, the taxa-specific or riverspecific relationships between periphyton d 13 C and the water current velocity were analyzed using analysis of covariance (ANCOVA; dominant taxa and rivers as the covariance of each ANCOVA model; n = 283).
Structural equation modeling procedure
Structural equation modeling (SEM) was used to consider hierarchical orders among regional and local controls. The dataset (n = 765) included four numerical variables (WA; CC; WCV; CHLA) and periphyton d 13 C. The SEM procedure for ecological studies is described in detail elsewhere (e.g., Shipley 2000; Grace 2006 ). Briefly, the observed correlation matrix among the numerical variables was set to calculate a path-coefficient between two To build a hierarchical model to explain periphyton d 13 C, we used a three-step analysis procedure applying a correlation matrix among causal and response variables. First, non-hierarchical models that assumed all possible correlations between variables were examined. Second, all reasonable pathways among variables were included a priori in the model. Third, downward stepwise selection of the model was performed based on whether a path-coefficient was significant (p \ 0.05) or not (p [ 0.05), ultimately arriving at the final model. The model fit to the data was assessed with the v 2 test (Grace 2006) . The SEM approach logically and statistically takes account of multiple colinearity among the numerical variables and thus allows a more direct identification of causal associations.
The significance level of all statistical tests was assessed at a = 0.05. We performed all statistical analyses and graphics using R ver. 2.13.1 software (R Development Core Team 2011) with DAAG (Maindonald and Braun 2011) , MASS (Venables and Ripley 2002) , mgcv (Wood 2011) , and sem (Fox et al. 2010 ) packages in the library.
Results
Variation in d
13 C signatures of periphyton Periphyton d 13 C ranged from -47.3 to -9.3 % (Fig. 1) . The mean periphyton d 13 C in the whole dataset was -25.7 ± 6.8 % (mean ± 1 standard deviation, n = 765). The most frequent values of periphyton d 13 C (-28 to -26 %) overlapped with the typical values for terrestrial C3 plants (Fig. 1) ; about 7 % of the data fell into this range.
Regional patterns and controls
The model that had the lowest AIC value for regional controls included all explanatory variables (Table 2) . We adopted the non-linear model as the best-fit model for the relationship between WA and periphyton d 13 C (Fig. 2a ) because it explained more variation than the linear model (GCV 44.3 for non-linear model, 47.5 for linear model). There was a significant relationship between periphyton d 13 C and WA (df of smooth term 5.69, R 2 = 0.18, p \ 0.001, n = 269; Fig. 2a ). Arctic and boreal rivers had significantly lower periphyton d 13 C than other biomes (Holm's test p \ 0.05; Fig. 3a) . Periphyton d
13
C was significantly higher in winter than in the spring and summer (Holm's test p \ 0.001; Fig. 3b ).
Local patterns and controls
The model that had the lowest AIC value for local controls included canopy cover and dominant taxa, but the D i and x i values of the model were similar to those of the full model (Table 2) . We again adopted the non-linear model as the best-fit model for the relationship between CC and periphyton d 13 C (Fig. 2b) because it explained more variation than the linear model (GCV: 28.8 for non-linear, 39.1 for linear). There was a significant relationship between periphyton d 13 C and CC (df of smooth term 6.33, R 2 = 0.40, p \ 0.001, n = 244; Fig. 2b ). Cyanobacteria (e.g., Nostoc) had significantly higher d 13 C than the other groups (Holm's test p \ 0.001; Fig. 3c ). Red algae (e.g., Batrachospermum and Lemanea) had significantly lower d 13 C than the other taxa except for the bryophytes and macrophytes (Holm's test p \ 0.001; Fig. 3c ).
The effect of WCV on periphyton d 13 C was significantly different among dominant taxa and rivers (ANCOVA; dominant taxa, p \ 0.001; rivers studied, p \ 0.001; interaction WCV 9 dominant taxa, p = 0.59; interaction WCV 9 rivers, p = 0.048). The d
13 C values of cyanobacteria and bulk periphyton (multiple taxa mixtures) had significantly negative relationships with WCV (cyanobacteria: slope -4.2, R 2 = 0.26, p = 0.01, n = 22; multiple taxa mixtures: slope -1.8, R 2 = 0.02, p = 0.04, n = 200), while other taxa did not (diatoms: p = 0.92, n = 19; green algae: p = 0.09, n = 42; bryophyte, macrophyte, red algae: no data) (Fig. 2c) . The relationship between CHLA and periphyton d 13 C was significantly positive (slope 3.7, R 2 = 0.08, p \ 0.001, n = 204; Fig. 2d ). 
Structural equation modeling
The SEM returned three models, although we present only the final reduced model that contains only significant pathcoefficients. The non-hierarchical null model indicated that three variables (CC, WCV, and CHLA) significantly influenced periphyton d 13 C. The path-coefficient between WA and periphyton d 13 C was not significantly different from zero (p = 0.45). All explanatory variables were significantly correlated with each other, indicating that they were not completely independent. Since GLM results showed that WA was a strong regional control, the null model suggested that WA affected periphyton d 13 C by regulating other local controls.
A hierarchical model that contained all reasonable pathways was saturated (i.e., df 0). The model indicated that WA occupied the top level of the hierarchy, controlling all other variables, but a direct path from WA to periphyton d 13 C was not significantly different from zero (p = 0.45). Path-coefficients from WA to CC, WCV, and CHLA were all significantly different from zero (p \ 0.001). CC and WCV occupied the same layer, and both significantly controlled CHLA. There was no correlation between CC and WCV (p = 0.36). CHLA occupied the lowest level of the hierarchy. CC, WCV, and CHLA had significant paths to periphyton d 13 C (p \ 0.001). Downward stepwise selection based on p values deleted insignificant paths in the saturated model. Direct regression from WA to periphyton d 13 C was not significant, but WA strongly regulated local CC and CHLA, which controlled periphyton d 13 C (Fig. 4) . Correlation between CC and WCV was also deleted from the model. Insignificant v For abbreviations of variables listed in column 1, see Table 1 - 
Discussion
The mean d 13 C value of periphyton in various lotic ecosystems is close to or overlaps that of terrestrial litter for C3 plants. However, large variations in periphyton d 13 C are evident, such that periphyton d 13 C are distinct from terrestrial sources in many streams and rivers. In the following sections, we integrate current understanding of regional and local controls of periphyton d 13 C into a hierarchical framework, which is useful in designing studies with carbon stable isotopic techniques.
Regional patterns and controls
The significant d 13 C difference among biomes suggests that variation in stream productivity controls, at least partially, the fractionation of 13 C in photosynthesis. Although often unshaded by terrestrial vegetation, arctic and boreal rivers have low water temperatures and are nutrient poor, resulting in very low rates of primary productivity (Peterson et al. 1986 ). Low primary production promotes discrimination against 13 CO 2 during photosynthesis (Finlay 2001) and, consequently, isotopic fractionation is likely to be larger, resulting in lower periphyton d 13 C in arctic and boreal rivers than in other biomes. Alpine rivers often have little canopy shading and show higher d 13 C than rivers in the arctic and boreal biomes, probably owing to higher d 13 C of DIC and/or higher primary production (e.g., McCutchan and Lewis 2001; Zah et al. 2001 ). An influence of primary production is also likely to underlie the positive relationship between watershed area and periphyton d 13 C. Gross primary production increases with watershed area due to channel widening, nutrient loading, and increased light availability (Battin et al. 2008; Bernot et al. 2010; Finlay 2011 ). Thus, photosynthetic activity generally increases with river size, while CO 2 concentrations tend to decrease due to uptake and degassing (Finlay 2003; Butman and Raymond 2011) . These C (%) and biome (alpine, n = 30; arctic, n = 19, boreal, n = 104; temperate: n = 570; tropical, n = 42) (a), season (spring, n = 87; summer, n = 329; autumn, n = 95; winter, n = 114) (b), and dominant taxa (bryophytes, n = 16; cyanobacteria, n = 46; diatoms, n = 52; green algae, n = 94; macrophytes, n = 8; red algae, n = 22; multiple taxa mixtures, n = 527) (c). The box and bar depict inter-quartile (Q1 and Q3) and median, respectively, whisker represents the most extreme data point that is no more than 1.5-fold the inter-quartile range. Outliers are shown where applicable changes increase carbon limitation effects on isotopic fractionation in productive rivers, leading to the pattern of increasing periphyton d 13 C with increasing river size (Finlay 2001) .
Primary production increases in deciduous forest rivers during the winter because seasonal defoliation reduces canopy cover (Roberts et al. 2007) . Canopy opening increases primary production, resulting in smaller fractionation and higher d 13 C. Seasonality in periphyton d 13 C has been reported in studies conducted in alpine and temperate rivers (e.g., McCutchan and Lewis 2001; Finlay 2004 ). Since our dataset was biased towards temperate rivers, the seasonal influence we observed is most relevant to temperate biomes. We did not have sufficient data to address the mechanisms driving relationships with seasonality, but the patterns shown here indicate that regional influences on in-stream productivity and possibly watershed biogeochemistry are controlling periphyton d 13 C variation.
Local patterns and controls
Periphyton d 13 C was lower under highly shaded, low-light conditions and, in addition, a positive relationship was observed between chlorophyll a density and periphyton d 13 C. Both results support the hypothesis that algal photosynthetic activity determines isotopic fractionation between DIC and algal cells. Photosynthetic activity decreases with increased canopy cover because of low light availability and colder temperature for primary producers, leading to greater isotopic fractionation (Behmer and Hawkins 1986; Lamberti and Steinman 1997; Finlay 2011) . Thus, decreasing periphyton d 13 C with increased canopy cover indicates that there is considerable isotopic discrimination against 13 CO 2 between aqueous CO 2 and algae during photosynthesis, or possibly less HCO 3 -use by algae in shaded habitats (Doi et al. 2007; Finlay 2004; Hill and Middleton 2006; Hill et al. 2008) .
The negative relationship between water current velocity and periphyton d
13 C values suggests that the increased CO 2 supply to algal cells with high water current velocity allows more selective 12 CO 2 uptake by algae, thereby intensifying the isotopic fractionation between aqueous CO 2 and periphyton (MacLeod and Barton 1998; Finlay et al. 1999; Trudeau and Rasmussen 2003; Singer et al. 2005) . Although field and laboratory studies have often revealed that faster current velocity strongly decreases periphyton d 13 C, the general influence of water velocity on periphyton d 13 C was weaker in the meta-analyses than in individual studies. This difference may exist because the flow history, rather than the instantaneous current velocity, has a greater effect on d 13 C at sites with variable hydrograph conditions (Singer et al. 2005) . Overall, water current velocity effects on periphyton d
13 C values must be considered with other environmental variables.
Our analyses show that variation in physiology among taxa exerts a strong influence on 13 C fractionation patterns. Cyanobacteria typically concentrate inorganic carbon more efficiently than any other group and are thus able to use HCO 3
-under low water current velocity (Merz-Preiß and Riding 1999; Badger 2003) . The d 13 C value of HCO 3 -is higher than that of aqueous CO 2 (Mook et al. 1974) , thereby explaining the higher d 13 C of cyanobacteria compared to all of the other taxa examined. In contrast, red algae and bryophytes had lower d 13 C than other taxa. For red algae, isotopic discrimination during inner-cell carbon transportation is large, as most red algae cannot concentrate inorganic carbon within their cells (Raven et al. 2005) . Furthermore, most bryophytes cannot use HCO 3 -as a photosynthetic substrate (Prins and Elzenga 1989) . The significant d 13 C difference among taxa suggests that the researchers should pay attention to the community structure of freshwater autotrophs.
Relationships between regional and local controls Our hierarchical model shows that multilevel controls determine periphyton d 13 C. The effect of watershed area on periphyton d
13 C was indirect in our model. Increasing watershed area is associated with a higher discharge, channel widening, and reduced canopy shading above the water surface. Thus, watershed area generally controls canopy cover and water current velocity, which in turn locally control periphyton d 13 C. The significant direct paths from the watershed area to chlorophyll a density suggests that large rivers can support a higher biomass of periphyton, probably due to the greater availability of light and nutrients.
The model is closely related to the structure of geomorphology and productivity in lotic ecosystems (e.g., Vannote et al. 1980) , indicating that periphyton d 13 C changes along with river continuum through several different pathways. In a food web context, a recent study showed that d 13 C gradients of macroinvertebrates from upland to lowland rivers reflect longitudinal patterns of their resource base (Kobayashi et al. 2011) . Variability in periphyton d 13 C across multiple spatial scales is clearly transferred to the lotic food webs, showing the importance of multiscale analyses for furthering our understanding food web dynamics using d 13 C signatures in fluvial networks.
In our dataset, however, the low R 2 values of both nonhierarchical and hierarchical models suggest that unexplained d 13 C variation in lotic periphyton remains. The lack of data on dissolved CO 2 concentrations and/or d 13 C values of DIC in the study sites might limit our modeling approach for the prediction of periphyton d 13 C. For example, the positive relationship between watershed area and periphyton d 13 C may reflect a lower CO 2 concentration in large rivers (Finlay 2003; Butman and Raymond 2011) . DIC d 13 C variation may also have been important since values typically range between -13 and -9 % across most rivers (Finlay 2003) .
Since periphyton carbon has a longer turnover time than aqueous CO 2 and HCO 3 -, the d 13 C of periphyton integrates short-term fluctuations in DIC d 13 C caused by variations in discharge (Finlay 2003; Doctor et al. 2008) . Such fluctuations are about 2-4 % and therefore much smaller than the observed variation in periphyton d 13 C (i.e., approx. 15 %) at small scales. In addition to the effect of DIC, short-term variations in water current velocity and primary production may also be important for periphyton d 13 C (France and Cattaneo 1998; Singer et al. 2005) . Finer resolution studies, rather than global meta-analysis, are thus required to address temporal variation in periphyton d 13 C.
Perspectives for food web studies
While a global model to predict specific d 13 C values of periphyton was beyond the scope of this study, our analyses provide information on the likelihood of overlap or isotopic separation of organic matter sources. In settings where the d 13 C value of periphyton are most likely to overlap with that of terrestrial litter, alternative methods can be used to avoid the expense associated with extensive sampling for d 13 C. We suggest the use of alternative isotopes, such as carbon-14 natural abundance (D 14 C) and sulfur and hydrogen stable isotopes, to identify the food web structure and energy sources (Doi et al. 2006; Finlay et al. 2010; Ishikawa et al. 2010) . For example, the D 14 C value of periphyton is corrected by d 13 C and therefore is not affected by isotopic fractionation (Ishikawa et al. 2012) . These alternative isotope tracers may in some situations provide a better estimation of food web attributes than d
13
C. The combined use of such isotopes together with d 13 C analysis will be helpful for gaining a better understanding of the contribution of the carbon source to freshwater food webs.
